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 In-situ temperature histories from blocks, walls and slabs cast during winter and 
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 Early age in-situ strength development as affected by geometry, size, ambient 
conditions and type of binder. 
 Accuracy of maturity functions, Nurse-Saul and Arrhenius based, in estimating 
in-situ strength development. 
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Abstract 
 
A UK based project which involved casting of blocks, walls and slabs, during winter 
and summer, provided in situ temperature histories that could be simulated in the 
laboratory using a computer controlled temperature match curing tank. The concretes 
which were of 28-day target mean strengths of 50 and 30 MPa also had partial cement 
replacement with supplementary cementitious materials (SCMs) such as ground 
granulated blast-furnace slag (GGBS) and pulverised fuel ash (PFA). The SCMs were 
effective in reducing the peak temperature especially when there was heat dissipation. 
The contribution to early age strength by SCMs increased with the high in situ 
temperatures especially in blocks cast during summer. The accuracy of strength 
estimates obtained from maturity functions was examined. The temperature dependence 
of the Nurse-Saul function was not sufficient to account for the improvement in early 
age strengths resulting from the high temperatures in blocks cast during summer. The 
Arrhenius based function, was better at estimating the early age strengths as it assumes 
that the concrete strength gain rate varies exponentially with temperature. 
 
Keywords: 
In situ temperature, Maturity functions, Strength estimates, Supplementary 
cementitious materials. 
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1 Introduction 
 
The Concrete Society in the UK carried out an investigation into the relationship 
between core strength and standard cured (i.e. 20 °C) cube strength [1], which involved 
casting concrete blocks, walls and slabs, see Figure 1, with mixes incorporating a wide 
range of cementitious materials [2].  Casting for the units for the winter phase was in 
February–March 1997 and continued with the summer phase in June-July 1997. The 
aim was to obtain data on the strength of concrete cores to assist in updating the 
Concrete Society Technical Report 11 (TR11) entitled “Concrete core testing for 
strength” which was first published in 1976 and re-published with an extensive 
addendum in 1987 [3].  The project had been carried out by the Concrete Society under 
a Partners in Technology Scheme, partly funded by the Department of Trade and 
Industry (DTI) – formerly the Department of Environment, Transport and the Regions 
(DETR).  It has become known as the “DTI project” and that is how it is referred to in 
this paper.   
 
 
Figure 1: Structural elements used in the DTI project [2]. 
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The project was designed to provide the information needed to enable the potential 
strengths of concretes with supplementary cementitious materials (SCMs) to be 
derived, taking into account age at test, thermal history, cement type and concrete 
strength.  The results could then be compared with standard cured cube strengths 
obtained from each of the mixes.  It was hoped that the difference between in situ and 
standard cube strength would assist in the updating of TR11 [3] and providing data so 
that cements not currently covered by TR11 could be included.   
 
The data generated has been very extensive although aimed at potential strength, i.e. 
long-term strengths rather than early age strengths.  The temperature histories obtained 
from the blocks, walls and slabs could be simulated in the laboratory using computer 
controlled temperature matched curing tanks.  The aim of doing so was to determine the 
effect of temperature on the early age strength development of concrete mixes with 
SCMs.  Improved compressive strengths due to higher than 20 °C temperatures in the 
structural elements were expected.  In order to benefit from these improved strengths, a 
contractor would need to be able to estimate these from the expected temperature 
history in a structural element.  This can be achieved with maturity methods which 
account for the combined effect of time and temperature on the strength development of 
concrete [4–8].   
 
Carino [9] has reviewed the historical development of maturity functions in great detail 
and only a summary of this is included here.  It was proposed that the measured 
temperature history during the curing period could be used to compute a single number 
that would be indicative of the concrete strength.  Saul [10] called this single factor 
“maturity”: 
 
  tTTM
t
 0     Equation 1 
 
where:  M  is the maturity (°C-days), 
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T  is the average temperature (20 °C for standard curing) over the 
time interval t (°C), 
T0  is the datum temperature (°C), 
t  is the time interval (days). 
 
This equation has become known as the Nurse-Saul function and assumes that the rate 
of strength development is a linear function of temperature. It can be used to convert a 
given temperature-time curing history to an equivalent age of curing at a reference 
temperature as follows: 
 
 
 
t
TT
TT
t
r
e 




0
0
    Equation 2 
 
where:  te  is the equivalent age at the reference temperature (days), 
Tr  is the reference temperature (°C). 
 
Equivalent age represents the duration of the curing period at the reference temperature 
that would result in the same maturity as the curing period at other temperatures.  The 
equivalent age concept, originally introduced by Rastrup [11], is a convenient method 
for using other functions besides Equation 1 to account for the combined effect of time 
and temperature on strength development.  Equation 2 can be written as: 
 
   tte        Equation 3 
 
where: 
 
 0
0
TT
TT
r 

  
 
The ratio β, which is called the “age conversion factor”, is used to convert a curing 
interval t to the equivalent curing interval at the standard reference temperature. 
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Functions described above are for calculating a maturity index (temperature-time factor 
or equivalent age) based on the temperature history of the concrete.  Several functions 
have also been proposed to relate concrete strength to the maturity index [12–19].  The 
following S-shape function proposed by Carino [20] (Equation 4) is the one 
recommended in the ASTM Standard [21] procedure.   
 
 
 0
0
1 ttk
ttkS
S u


     Equation 4 
 
where:    S strength at age t, MPa, 
   Su ultimate strength at temperature T (MPa), 
   k the rate constant (1/days), 
   t test age (days), 
   t0 age at which strength development is assumed to begin (days). 
 
Regression analysis is needed to provide for each curing temperature the rate constant, 
k, the ultimate strength, Su, and the setting time, t0, of the mortar mixture.   
 
In order to calculate the apparent activation energy, Ea, the ASTM Standard’s 
recommendation [21] is to plot ln(k) against 1/Tabs (given in 1/Kelvin), where Tabs is the 
absolute curing temperature.  The slope of the trend line is equal to -Q and the 
activation energy (Ea) for the mixture will be equal to Q·R, where R is the universal gas 
constant equal to 8.31 J/K·mol. The assumption that the rate of strength development 
obeys the Arrhenius equation leads to the maturity function (referred to as Arrhenius 
function in this paper):  
tet sa
a
TTR
E
e 









 11
   Equation 5 
 
where:    te the equivalent age (days), 
   Ta average temperature of concrete during time interval t (K), 
   Ts  specified reference temperature (K), 
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    Ea apparent activation energy (J/mol), 
   R universal gas constant (J/K·mol). 
 
Apparent activation energies can be determined using “equivalent” mortar specimens, 
as described in ASTM Standard C1074-98 [21] and the results applied to the concrete 
under investigation.  The equivalent mortars need to have the same water to binder 
ratios and superplasticiser dosages as the concretes. The sand to binder ratios also need 
to be equal to the coarse aggregate to binder ratios of the concretes. These requirements 
are to ensure that the strength development of the mortar specimens is similar to that of 
the corresponding concrete mixtures. 
 
The aims of the work described here were therefore to: 
a) Determine, using data from the DTI Core Project1, the effects of: (i) 
environmental conditions (summer or winter concreting), (ii) size and type of 
structural element (blocks, slabs and walls), (iii) concrete compressive strength 
(30 MPa and 50 MPa), and (iv) partial cement replacement with SCMs 
(pulverised fuel ash (PFA) or ground granulated blast furnace slag (GGBS) at 
30% and 50% cement replacement levels, respectively) on the early age 
temperature history exclusively. 
b) Investigate, in the laboratory using replicated mixes, the effect of particularly 
high early age temperatures on the in situ strength development of concrete for a 
selection of structural elements and concrete mixes, based on the above. 
c) Assess the applicability of maturity functions, originally developed for Portland 
cement, for concretes containing SCMs. 
 
The investigation was divided into 5 stages as shown in Table 1. 
 
 
  
                                                   
1 Data from the DTI Core Project were provided to the authors by Dr L.K.A Sears who was directly 
involved with the project. 
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Table 1: Outline of experimental programme. 
Stage Objective Investigated mixes/data 
Curing 
condition 
Testing ages 
for 
compressive 
strength 
I  
 Determination of 
strength vs. w/b 
ratio relationships 
- To test several trial mixes with 
different w/b ratios in order to replicate 
original six mixes used in the DTI 
project.  
Mixes with two strengths 
(30 and 50 MPa) 
containing three binder 
types (100% PC, 50% 
GGBS and 30% PFA) 
were developed. 
Standard 
curing 
(20 °) 
7 and 28 
days (100 
mm cubes) 
II  
Replication of 
concrete mixes 
used in the DTI 
project 
- To investigate, under laboratory 
conditions, the strength development of 
selected replicates mixes of the DTI 
project 
- To compare their strength 
development with those of mixes from 
the DTI project 
PC30 and PC50 
GGBS30 and GGBS50 
PFA30 and PFA50 
Standard 
curing 
(20 °) 
1, 2, 3, 5, 7, 
14, 28, 42, 
84, 156 and 
365 days 
(100 mm 
cubes) 
III  
Effect of size and 
ambient conditions 
on temperature 
histories 
- To analyse the original DTI project 
data in order to determine the effect of 
size (slab, block, wall and slab) and 
ambient conditions (summer and 
winter) on temperature history recorded 
in cast elements. 
Temperature data from the 
DTI project 
 
PC30 and PC50 
GGBS30 and GGBS50 
PFA30 and PFA50 
Ambient 
conditions 
(summer 
and winter) 
- 
IV  
Effect of 
temperature on 
strength 
development 
- To investigate the effect of 
temperature history (selected from 
Stage III) on the strength development 
of investigated concrete mixes (from 
Stage II). 
PC30 and PC50 
GGBS30 and GGBS50 
PFA30 and PFA50 
Temperature 
matched 
(TMC) and 
standard (20 
°C) curing  
 
1, 2, 3, 5, 7, 
14, 28 and 
42, days (100 
mm cubes) 
IV  
Applicability/ 
accuracy of 
maturity methods 
for estimating the 
in situ strength 
development of 
mixes with SCMs 
- To assess the applicability 
 of the Nurse-Saul and Arrhenius 
maturity functions for estimating the in 
situ strength development of mixes with 
SCMs using experimental data from 
Stage IV. 
 
2 Materials and experimental procedures 
 
2.1 Materials 
 
The objective was to use cement, SCMs and aggregates that were as similar as possible 
to those used for the original DTI project. 
 
Portland cement (PC), conforming to requirements of BS EN 197-1:2000 [22] and 
having a 28-day compressive strength of 57 MPa (tested according to the method 
described in BS EN 196-1-2005 [23]), was supplied in bags by British Lime Industries.  
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It is important to note that British Lime Industries was also the supplier of the cement 
for the DTI project.  A slight variation in the cement composition may have however 
existed since this research project started years after the DTI project had been 
completed.  PC was partially replaced with ground granulated blast furnace slag 
(GGBS) and pulverised fuel ash (PFA) conforming to BS EN 15167-1:2006 [24] and  
BS EN 450-1:2005 [25], respectively.  GGBS was supplied in bags by the Appleby 
Group whereas PFA was supplied in sealed plastic buckets by Fiddlers Ferry, a coal-
fired electricity-generating station, in Warrington, UK.  The chemical composition of 
PC, GGBS and PFA are shown in Table 2. 
 
Table 2: Chemical composition of PC, GGBS and PFA. 
Chemical Composition 
Chemical 
Constituent 
PC GGBS PFA 
% by weight of dry mass 
SiO2 20.11 35.35 38  - 52 
Al2O3 5.16 14 20 – 40 
Fe2O3 3.14 0.36 6 – 16 
CaO 65.49 41.41 1.8 -10 
MgO 0.8 7.45 1.0 – 3.5 
SO3 3.22 0.1 0.35 – 2.5 
K2O 0.59 - 2.3 – 4.5 
Na2O 0.13 - 0.8 -1.8 
CaCO3 4.47 - - 
Equiv. Alks 
Na2Oe 
0.52 - - 
Free Lime 1.79 - - 
Chloride 71 ppm - - 
 
The coarse aggregate initially used was 5–20 mm uncrushed round gravel from the Fagl 
Lane quarry, which is located in Wales.  Its specific gravity and water absorption were 
2.64 and 1.7%, respectively.  The coarse aggregate had to be changed for later 
experiments, e.g., for temperature matched curing (TMC).  A 5–20 mm well graded 
uncrushed round gravel was obtained from the Borras quarry, also located in Wales.  
This type of gravel was similar to that from Fagl Lane.  The specific gravity and water 
absorption of the Borras gravel were 2.60 and 2.4%, respectively.  The grading curves 
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for the Fagl Lane gravel and Borras gravel are shown in Figure 2, as are also shown 
overall grading limits from BS882:1992 [26]   
 
 
Figure 2: Sieve analysis of coarse and fine aggregates. 
 
The fine aggregate used initially for the trial mixes and standard (20 °C) cured concrete 
mixes was well graded fine aggregate obtained from the Fagl Lane quarry having 
specific gravity of 2.60 and water absorption of 2.6%.  Fine aggregate for the remaining 
experimental work was sourced from the Borras quarry, and it was found to be 
significantly coarser but better graded than the Fagl Lane sand (see Figure 2).  The 
specific gravity and water absorption of the Borras sand were 2.40 and 0.9%, 
respectively. 
 
The change in the aggregate source became necessary as a result of the closure of the 
Fagl Lane quarry during the project.  The aggregates from the Borras quarry were 
found not to affect significantly the workability and had insignificant effect on the 
strength development of the previously developed concrete mixes.  Therefore, no 
changes to the mix proportions were required.   
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2.2 Mixing, casting, curing and testing procedures 
 
All concrete mixes were batched using a 0.1 m3 capacity horizontal pan mixer.  Binder 
and aggregate were placed first in the mixing pan and dry-mixed for one minute. Water 
was then added and mixing continued for a further five minutes.  The workability was 
assessed by carrying out the slump test according to BS EN 12350-2:2000 [27].  
Concrete cube specimens (100 mm size) were subsequently cast in two layers in single- 
and three-gang steel moulds, and each layer was compacted using a vibrating table.   
 
Two different curing procedures were used: 
 Standard curing for which the concrete specimens, inside single cube moulds, 
were covered with wet hessian and a polythene sheet and cured under room 
temperature conditions (approximately 20 °C).  They were demoulded at 24 
hours after casting, and placed inside a water bath set at 20 °C.   
 
 Temperature match curing (TMC) – The concrete specimens, inside three-
gang moulds, were sealed using a cling film and a tape and placed inside 
programmable computer controlled water tanks.  They were cured under TMC 
conditions using temperature histories recorded during the DTI project.  A 
programmable computer controlled water tank shown in Figure 3 was used to 
simulate the in situ temperature histories.  The cling film was removed at 24 
hours after casting, but the cubes were placed back to the tank until they were 
tested.   
 
Three 100 mm concrete cubes were used for determining the compressive strength 
according to BS EN 12390-3:2002 [1]. Compressive strength was determined at testing 
ages as shown in Table 1. 
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Figure 3: Programmable computer controlled water tank for in-situ temperature 
history simulations 
 
3 Results and discussion 
 
3.1 Determination of strength versus w/b ratio relationships 
 
The aim was to replicate in the laboratory the concrete mixes used in the DTI project.  
The cement and SCMs were obtained from the same suppliers but several years after 
the DTI project had been completed.  Therefore, some variation in chemical 
composition and physical properties were expected.  Sand and coarse aggregate were 
from different quarries.  As such some preliminary studies were needed to determine 
concrete mixes with the same binder content and 28-day compressive strength even if 
the water to binder (w/b) ratio had to be changed slightly.  The best way of achieving 
this was to first determine strength versus w/b ratio relationships for Portland cement 
mixes and for mixes with partial cement replacements with GGBS and PFA of 50% and 
30%, respectively.  These are shown in Figure 4, as are strength curves used in the BRE 
mix design [28].   
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Figure 4: Compressive strength versus w/b ratio for laboratory trial mixes. 
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PC and GGBS concrete strength versus w/b ratio relationships are very similar at 28-
days and as such their w/b ratios for target mean strengths of 30 MPa and 50 MPa are 
also similar (as can be seen from Table 3).  PFA mixes however require a lower w/b 
ratio to achieve the same strength as PC mixes.  It is interesting to note that the strength 
versus w/b ratio relationships for PFA and GGBS mixes are distinctly lower than that 
of PC mixes at 7-days.  This clearly shows that the GGBS and PFA mixes have lower 
compressive strengths at early ages despite having the same 28-day strength as PC 
mixes.  There is also some indication that the contribution of GGBS to strength is 
affected by lower w/b ratios.  The slopes of the relationships are different for GGBS as 
compared to the PC and PFA ones.  This difference is again more pronounced at 7-days 
with only a small indication of this effect at 28-days. 
 
Table 3: Mix proportions of concrete mixes used in the DTI project and their 
laboratory replicates.  
Mix ID PC30 GGBS30 PFA30 PC50 GGBS50 PFA50 
Material  
D
T
I*
 
L
a
b
#
 
D
T
I*
 
L
a
b
#
 
D
T
I*
 
L
a
b
#
 
D
T
I*
 
L
a
b
#
 
D
T
I*
 
L
a
b
#
 
D
T
I*
 
L
a
b
#
 
Cement 
[kg/m3] 
240 240 115 115 193 193 345 345 165 165 270 270 
GGBS 
[kg/m3] 
- - 115 115 - - - - 165 165 - - 
PFA 
[kg/m3] 
- - - - 82 82 - - - - 115 115 
Gravel 
[kg/m3] 
1246 1102 1243 1187 1253 1319 1258 1205 1258 1151 1256 1250 
Sand 
[kg/m3] 
695 799 705 721 663 560 599 615 613 683 562 533 
Free water 
[kg/m3] 
- 158 - 150 - 144 - 160 - 165 - 135 
Total water 
[kg/m3] 
189 198 190 190 174 181 185 197 184 203 175 171 
Free w/b  - 0.66 - 0.65 - 0.52 - 0.46 - 0.50 - 0.35 
Total w/b  0.79 0.83 0.83 0.82 0.63 0.66 0.54 0.57 0.56 0.61 0.45 0.44 
* ‒ mixes used in the DTI project,   # ‒ laboratory replicates of the DTI project mixes. 
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3.2 Replication of DTI concrete mixes 
 
Mix proportions used for the DTI project and those that gave similar 28-day strength in 
the laboratory are shown in Table 3.  Replication of the DTI project mixes did however 
require not only the 28-day strength but also the early age concrete strength 
development to be similar.  Compressive strengths from the DTI project were only 
available from 7-days onwards and thus the need to replicate them in the laboratory to 
obtain early age data, i.e. 1-day onward.   
 
The strength development of the DTI project mixes and of the laboratory replicate 
mixes is shown in Figure 5.  Similar strengths at 7 and 14-days were obtained.  Some 
slight difference in average value was expected but this was within the error region of 
the strengths from the DTI project.  The same applied for long term strengths which 
were monitored up to 365-days. 
 
The strength development curves for all the six replicated mixes, i.e. PC30 and PC50, 
GGBS30 and GGBS50, and  PFA30 and PFA50, are shown in Figure 6(a) whilst the S-
shape function proposed by Carino [20] (Eq. (4)), which is also the one recommended 
by ASTM Standard [21], was used for the regression curves.  It does appear that PFA30 
and PFA50 concretes had 28-day compressive strengths that were higher than those of 
the corresponding PC and GGBS mixes.  The figure also shows PFA’s long term 
contribution to compressive strength development.  The early age compressive strength 
of GGBS mixes is again confirmed to be lower than the equivalent ones of PC and even 
PFA mixes. Figure 6(b) shows the compressive strength versus maturity index as 
calculated by Equation 1. 
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Figure 5: Comparison of the strength development of DTI and laboratory replicated DTI concrete mixes (standard 20 °C curing). 
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Figure 6: Strength development regression analysis plots of laboratory replicated DTI concrete mixes (standard 20 °C curing). 
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3.3. Effect of size (block, wall or slab) and ambient conditions (winter/summer) on 
temperature histories – the DTI Concrete Core Project 
 
The temperature readings from the DTI project were very extensive; one hundred and 
sixty thermocouples were read every four hours in the first phase of the project and 
every hour in the second phase.  The data from thermocouples placed in the centre of 
the blocks, walls (1.1 m height from the base and 0.4 m from the edge) and slab (0.5 m 
from the edges) are only reported here.  Ambient temperatures were also recorded.  
Peak temperatures and the time when this occurred are shown in Table 3. 
 
Table 4: Peak temperature and time when this occurred.  
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Peak temperatures in blocks cast during summer reached as high as 61 °C for the PC50 
concrete (see Figure 7a and Table 4).  It must be noted that these blocks, despite of their 
size (cubes with size of 1.5 m) were also insulated (100 mm thick recycled expanded 
polystyrene sheets insulated all but one of the cube faces) in order to simulate as much 
as possible mass concrete pours.  As such it appears that the heat dissipation during 
summer conditions was small, which helped increase the temperature inside the blocks.  
These must have accelerated the pozzolanic reaction, with GGBS50 and PFA50 mixes 
reaching temperatures of 51 °C and 56 °C, respectively.  These are relatively small 
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reductions in peak temperature; 10 °C and 5 °C lower for GGBS and PFA mixes 
respectively from the 61 °C of PC50.  Considerably higher temperature reductions were 
obtained for blocks cast during winter (see Figure 7b) indicating that perhaps “mass 
concrete pour” conditions were not fully achieved despite the use of insulating 
materials.  GGBS50 and PFA50 concrete block cast during winter reached their peak 
temperatures at 72 and 43 hours respectively, as compared to 33 hours for PC50 and 
this has allowed more time for heat dissipation to occur. The reductions were more 
significant for the lower strength concrete of 30 MPa, as can be seen from Figure 8.  It 
can be concluded that, when there is heat dissipation the SCMs are effective in reducing 
the peak temperatures arising from heat of hydration in structural and mass concrete 
elements.   
 
 
Figure 7: In situ recorded temperature histories for blocks made with 50 MPa 
strength concretes [2]. 
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Figure 8:  In situ recorded temperature histories for blocks made with 30 MPa 
strength concretes [2]. 
 
The peak temperatures in the walls cast during summer were only 41 °C, 28 °C and 
35 °C for PC, GGBS and PFA concretes of strength 50 MPa (see Figure 9).  These were 
even lower when the walls were cast during winter with an average ambient 
temperature of around 8 °C as compared to 15 °C for summer.  The temperatures inside 
walls also very quickly dropped to the ambient temperature, i.e. within 2 days after 
concrete was cast.  In comparison, blocks required 18 days in summer and 14 days in 
winter for their temperature to drop to ambient (Figure 7 and 8).  Temperatures within 
the walls subsequently followed, within a bit of delay, the diurnal ambient temperature.  
This was related to their geometry, size and lack of insulation.   
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Figure 9: In situ recorded temperature histories for walls made with 50 MPa 
strength concretes [2]. 
 
There was no distinct/identifiable peak temperature in slabs, see Figure 10.  The heat 
dissipation must have been high so that their internal temperature dropped quickly to 
and followed closely the diurnal ambient temperature.   
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Figure 10: In situ recorded temperature histories for slabs made with 50 MPa 
strength concretes [2]. 
 
3.4 Effect of in situ temperature histories on strength development – 
laboratory based work 
 
The main aim of this work was to investigate the beneficial effect of high early age 
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summer casting, but these higher than ambient temperatures only lasted up till three 
days.  Nonetheless, the walls cast during summer and of 28-day strength of 50 MPa 
(PC50, GGBS50 and PFA50) were simulated in the laboratory to quantify the 
beneficial effect of these high early age temperatures of shorter duration than those of 
the blocks.  No slabs were simulated as there were no significant temperature rises in 
them. 
 
The high early age temperatures inside the block were beneficial in increasing the early 
age concrete strength of the PC50 mix from day one and this continued up till fourteen 
days (see Figure 11a).  However, the high early age temperature has a detrimental effect 
on the long term strength [29–30] as shown by the “cross-over” effect of strength 
development of TMC and standard cured specimens.  This “cross-over effect” was first 
reported by McIntosh [31].  The most significant improvement in strength for GGBS 
and PFA mixes appeared to be at around 3 days as compared to 1 day for PC mix. The 
difference in strength of TMC and standard 20 °C cured specimens is shown in 
Figure  11.  This is due to the pozzolanic reaction being slower than cement hydration 
and thus the delay in the peak temperature occurring at 3 days instead of 1 day as was 
for the PC mix [32–33].  There is no cross-over effect for GGBS50 and PFA50 mixes at 
14 days.  It appears however that this cross-over effect has simply been delayed to 28 
days. 
 
PC50 and PC30 strength development curves show similar trends (Figure 11a and 
Figure 11d, respectively), i.e. increased early age compressive strengths up to 14 days 
when the cross-over effect occurs. 
 
The lower peak temperatures in walls and the lower duration of temperatures above 
ambient resulted in some beneficial effect to the early are strengths and these were only 
up to 3 days (see Figure 12).  The short duration of the high temperatures does not seem 
to have caused the cross-over effect in the walls as it was seen in the blocks.   
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The compressive strengths of TMC cubes are shown as a ratio with the strength of 
cubes cured at 20 °C in Figure 13.  The beneficial effect of high “curing” temperatures 
for early age strength development of mixes with GGBS and PFA is obvious.  
Increased strengths are also obtained in walls although these are not as high as in 
blocks. 
 
The strengths are also plotted in Figure 14 as a ratio of their 28-day standard 20 °C 
cured strength.  The effect of high curing temperatures in blocks resulted in GGBS and 
PFA mixes achieving their 28-day strength from as early as 7-days.  The detrimental 
effect of high early “curing” temperature on PC concrete can also be seen; the PC50 
concrete did not achieve its 28-day strength.  The higher than ambient temperatures in 
walls may have been beneficial to the early age strengths but not enough to raise them 
to their corresponding 28-day standard 20 °C cured strength values. 
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Figure 11: TMC strength development and in situ strength estimates for simulated summer blocks. 
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Figure 12: TMC strength development and in situ strength estimates for simulated summer walls. 
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Figure 13: Strength ratio of TMC to standard cured concretes versus age. 
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Figure 14: Ratio of TMC strength to 28-day strength of standard cured concrete versus 
age. 
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examine the applicability/accuracy of these maturity functions for concretes with SCMs, not 
only for isothermal curing, but also for temperature histories that are expected in situ. 
 
The Nurse-Saul function requires the temperature history of the concrete in order to calculate 
the maturity index according to Equation 1. The maturity index obtained was then converted 
into an estimated strength using Figure 6(b). The Arrhenius function required the apparent 
activation energies of all six concretes which were previously determined [43] according to 
ASTM C1074 [21] method and they were PC30 = 37,382 J/mol, GGBS30 = 52,827 J/mol, 
PFA30 = 22,539 J/mol, PC50 = 29,698 J/mol, GGBS50 = 41,606 J/mol and PFA50 = 27,309 
J/mol. These were found to be in good agreement with values in literature [41, 44-46]. The 
equivalent age te at time t was calculated using Equation 5. The specified reference 
temperature, Ts, used was 293 °K (20 °C). Ta being the average temperature, in Kelvin, of 
concrete during time interval Δt was the temperature history the concrete was subjected to 
(these were the temperature histories recorded from the blocks and walls on site). The value 
of equivalent age obtained, te, was then substituted for t in Equation 4 with constants Su, k  
and t0, as previously determined for the strength data obtained for the concrete cured at 20 °C 
(Table 5). 
 
Table 5: Regression parameters (obtained from Eq. (4)) for 20 °C strength development 
obtained using the ASTM method [21].  
Mix ID PC30 GGBS30 PFA30 PC50 GGBS50 PFA50 
Su (MPa) 33.36 36.91 46.35 55.49 55.7 63.93 
k  (1/day) 0.37 0.077 0.151 0.556 0.113 0.22 
t0 (days) 2.45E-01 1.99E-01 7.50E-09 2.49E-09 1.30E-09 6.33E-09 
 
 
Figure 11 compares the experimentally determined TMC strength developments of cubes 
with those estimated by the Nurse-Saul and Arrhenius functions for concretes cast in blocks. 
 
The Arrhenius function estimates very well the 1-day strengths of the PC50 and PC30 
concretes in the blocks.  However, it overestimates strengths beyond 1-day and it deviates 
more from the actual TMC strengths with increasing age.  This appears to be due to the 
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inability of this function to account for the detrimental effect high early age temperatures 
have on later age strength. 
 
The Nurse-Saul function underestimated the strength development at early ages, such as 1 to 
3 days, and overestimated it at later ages.  This suggests that the temperature dependence of 
the Nurse-Saul function is not sufficient to account for the improvement in early-age strength 
of concretes as a result of such high temperatures as were recorded in the blocks cast during 
summer.  Similar trends have been noted for works done on isothermally cured specimens at 
20, 30, 40 and 50 °C [30]. 
 
Similar trends appear in the strength estimates of the GGBS50 and PFA50 TMC concretes.  
The Arrhenius function estimates relatively well the strength developments of these 
concretes.  The strengths of these concretes at later ages, e.g., 28-days, are also estimated 
accurately since there was no cross-over effect prior to 28-days.  The Nurse-Saul function 
underestimates their strength development even more than it did for the PC50 concrete.  This 
is because the Nurse-Saul function assumes that the concrete strength gain rate varies linearly 
with temperature.  An exponential relationship, inherent in the “equivalent age” concept 
through the use of “apparent activation energies” would have been more appropriate.   
 
Figure 12 compares the experimentally determined TMC strength developments of cubes 
with those estimated by the Nurse-Saul and Arrhenius functions for concretes cast in walls.  
The strength estimates are accurate but this is only because the lower temperatures in walls 
compared to blocks and shorter duration of temperatures above ambient did not have a 
significant effect on the strength.  The strength increase of these mixes was not very 
significant even at 1 to 3-days. 
 
Figures 11 and 12 also show the strengths of concrete cores obtained from the blocks and 
walls.  Core strengths obtained from blocks, see Figure 11, were lower than the TMC cube 
strengths at a particular age (less than 28 days) whilst they were similar for those from walls, 
see Figure 12.  Some of the difference between core strength and TMC cube strength may be 
attributed to the effectiveness of onsite compaction.  The densities of cores from the test 
elements were lower than the companion cube density – block density being 2.5% whilst only 
1% for walls.  This indicates that the larger volumes of concrete in the blocks were less well 
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compacted than that in the walls.  Core strengths continued to increase with age and this is 
more noticeable with the GGBSS and PFA mixes. 
4 Conclusions 
 
The continuous measurement of the in situ temperatures during the DTI concrete core project 
has made possible the determination of the effects of a range of environmental conditions and 
structural element parameters, including partial cement replacement with SCMs, on the early 
age temperature history and hence the strength development to be quantified. It was found 
that: 
a. Mass concrete or near adiabatic conditions, i.e. small heat loss, accelerated the 
reaction of GGBS and PFA resulting only in small reductions in peak temperatures.  
However, the SMCs were effective in reducing the peak temperatures when there was 
heat dissipation. 
b. High early age temperatures increase considerably the strength contribution of SCMs. 
c. The Nurse-Saul function, based on the assumption that the rate of strength 
development is a linear function of temperature, underestimates the improvement in 
the early age strengths from such high temperatures as might occur in mass concrete.  
The Arrhenius based function assumes that the concrete strength gain rate varies 
exponentially with temperature and thus is able to estimate the early age strengths 
more accurately than the Nurse-Saul function. 
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